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Highlights

A legacy seismic profile on the western Kaapvaal craton border was reprocessed.
Imaging of Phanerozoic sediments in the top 500 m was significantly improved.
Integration of other geophysical and geological data strengthened interpretation.
Images of Dwyka and Kalahari group structures reveal <1 Ma neotectonic activity.
Moshaweng Fault interpreted to have undergone up to 1 Ma polyphasic reactivations.

Abstract

The 150 km long, 6 s TWT, 2D seismic profile KBFO3A, which was acquired in 1994 and
lies near the western edge of the Kaapvaal craton in South Africa, has been reprocessed using
standard reflection seismic processing methods. The results exhibit a significant improvement
in the imaging quality of the subsurface features and an evident boost in the signal-to-noise
ratio. The improved seismic data, combined with application of seismic attributes, integration
with surficial geological and geophysical maps, and computation of velocity tomograms, has
revealed previously undetected structural features within the supracrustal sequences
underlying the profile. In particular, the Phanerozoic sediments found along the profile,
comprising exclusively Kalahari Group and Dwyka Group deposits, are disrupted by multiple
folds of varying wavelengths (~1-10 km) and variably oriented normal and thrust faults.
Additionally, the effect of the Moshaweng fault, previously characterised as a listric fault
extending to depths of >10 km, on the Phanerozoic sediments has been further constrained to
suggest repeated extensional reactivations and a more recent (<1 Ma) inversion.
Considerations of the eastern end of the profile have suggested links between some of the
observed structural features and the nearby ~146 Ma Morokweng impact structure, the lateral
expanse of which is poorly constrained in the literature. The collection of these newly imaged
features is interpreted as evidence for multiple Late Mesozoic to Cenozoic tectonic events,
including polyphasic reactivation of basement structures, under both extensional and
compressional stress regimes. By analysing these newly detected features, our study not only
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provides new insight into the neotectonic evolution of the Phanerozoic sediments along the
western margin of the Kaapvaal craton, but also demonstrates the utility in reprocessing
legacy data and reveals its untapped potential.

Keywords: Tectonophysics; Seismotectonics; Seismology
1. Introduction

Owing to its superlative Archaean-Proterozoic mineral resources and ancient crust, South
Africa has accumulated an extensive legacy geophysical database generated by mining
companies and both national and international research programmes over the past 50 years.
Much of the crustal (6 s TWT) seismic data acquired over the Kaapvaal craton has been
focused on exploration for extensions of these mineral resources, such as the Witwatersrand
Basin (Pretorius et al., 2003) and Bushveld Complex (Scheiber-Enslin and Manzi, 2018;
Beukes et al., 2019). This focus on hard-rock features has meant that comparatively little
attention has been devoted to investigating the internal structure of more recent, Phanerozoic,
sedimentary basins that cover significant parts of the craton and, thus, its more recent tectonic
history. With the significant improvement in processing algorithms and computational power
in recent decades, the records of these legacy surveys provide a valuable research resource
that can be further interrogated (Malajczuk et al., 2016; Manzi et al., 2018; Malehmir et al.,
2019; Manzi et al., 2019). By properly retrieving, recovering and reprocessing legacy seismic
data, the potential of the data to reveal second- and third-order subsurface geological features
may be significantly enhanced, particularly where more sophisticated processing algorithms
and seismic attributes are applied that were not available in past decades.

In this study, we present the results of a reprocessed, 150-km long, ESE-WNW-trending,
legacy (6 s TWT) reflection seismic profile (KBF03A) that was shot in 1994 for the South
African National Geophysical Programme by the Anglo American Corporation (now
AngloGold Ashanti, Ltd) in the western part of the Kaapvaal craton (Fig. 1). This profile was
interpreted previously as part of a larger study of Neoarchaean structures in the craton by
Tinker et al. (2002). Apart from two small outcrops of Archaean-Palacoproterozoic basement
rocks, the profile exclusively crosses the variably lithified subhorizontal sediments of the
Kalahari Group. This paper focuses on the upper (<1 s TWT) portion of the profile that
intersected lithologies of the Kalahari Group and Karoo Supergroup. The primary goal of this
paper, in addition to demonstrating the value of reprocessing the legacy seismic profile for
enhanced structural imaging, is to address the structural features recognizable within the
Phanerozoic sedimentary cover of the Dwyka and Kalahari groups and to place these within
the context of the late- to post-Gondwana geodynamic evolution of southern Africa.
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Fig. 1. Location of KBF03A profile on the Kaapvaal craton in South Africa and its position with respect to the
general tectonostratigraphy of the area (a), as well as the general regional geology in the zoom window (b).
Zoom b and Fig. 2 location are also highlighted in (a). Sources: Beukes et al. (2019); Tankard et al. (2012).
SGp: Supergroup. Gp: Group.

2. Regional geology

The geological and geophysical context of the profile is summarised in Fig. 1, Fig. 2, Fig. 3.
Much of southern Africa is covered by two major Phanerozoic sedimentary basins whose
histories are closely linked to the Gondwana supercontinent cycle. The Carboniferous to
Jurassic (~320-180 Ma) main Karoo Basin is interpreted as the retro-arc foreland basin
formed north of the Cape orogenic belt along the southern margin of Gondwana (Catuneanu,
2004), whereas the Kalahari Basin formed as one of the world's largest (>2 million km?)
intracontinental basins following the rifting that separated Africa from South America and
opened the South Atlantic at 135—115 Ma (Haddon and McCarthy, 2005; Partridge et al.,
2006; Matmon et al., 2015). The eroded remnants of both basins are still present in the
anomalously elevated interior plateau of southern Africa, itself the focus of research as part
of the African Superswell that is attributed to as yet not fully understood mantle dynamics
(e.g. Nyblade and Robinson, 1994; Lithgow-Bertelloni and Silver, 1998). Their formation
accompanies that of another world-class mineral resource in southern Africa, namely,
diamond-hosting kimberlite pipes, that implies a tectonically-induced lithospheric-scale
plumbing system linked to asthenospheric mantle processes (e.g. Jelsma et al., 2009).
However, compared to the coastal regions of southern Africa (Cape Fold Belt, Atlantic and
Indian margin rift shoulders), details of the post-Carboniferous tectonic development of the
interior plateau of the subcontinent — much of which is underlain by the Kaapvaal craton (Fig.
1) - are poorly understood.
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Fig. 2. Surface geology (a), pre-Kalahari (b), and magnetic (c) maps of the region around the KBFO3A line, as
well as an elevation profile of the line (d). Datasets courtesy of the Council for Geoscience (2019) and sub-
Kalahari map of Haddon (2004). Also shown is the general lithostratigraphy (e), where gaps represent
unconformities (thicknesses are not to scale). The magnetic map was obtained by removing the regional field
from the total magnetic intensity map within the region. A major disruption in the profile coincides broadly with
lineament L and an ~80 km diameter circle (dashed line) constructed around the inferred centre of the
Morokweng impact structure that broadly coincides with changes in the magnetic character of rocks. (Note the
obliquity with which the outer rim intersects the profile).
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Fig. 3. Isopach map of the Kalahari Group along the border of South Africa and Botswana (after Haddon, 2004),
with profile KBFO3A superimposed. Areas of localised thickening are labelled 1 to 3.The BaKalahari Schwelle
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The KBF03A profile is located between the towns of Morokweng and Hotazel, extending
150 km WNW to the Botswana border, where it lies across the southern margin of the
Kalahari Basin that extends north into central Africa (Fig. 1, Fig. 2, Fig. 3). Within this
region, the Kalahari Group has an average thickness of 50—100 m, locally reaching a
maximum of ~200 m (Haddon, 2004; Haddon and McCarthy, 2005). It comprises primarily
siliciclastic sediments, ranging from conglomerate and sandstone to clayey siltstones, with
significant calcrete, silcrete and ferricrete horizons (Haddon and McCarthy, 2005; Partridge
et al., 2006). Outcrop is generally poor and much of the stratigraphy and the nature of the
underlying basement are known only from a plethora of water boreholes, as well as scarce
exposures in stream beds and open cast mines (e.g. Haddon, 2004).

The age of the Kalahari Group is the subject of considerable debate. Previously, Partridge and
Maud (1987), Haddon and McCarthy (2005) and Partridge et al. (2006) proposed that the
deposition of the oldest, gravel-rich Wessels Formation commenced in local basins between
80 and 100 Ma ago due to the interruption of regional drainage systems by basin warping.
These authors also considered that sedimentation in the Kalahari basin continued throughout
the Cenozoic without recognizable hiatuses up to the deposition of the unconsolidated cover
sand, that Thomas et al. (2000) and Bateman et al. (2003) dated by the optically stimulated
luminescence (OSL) method to 300—500 ka. More recently, however, cosmogenic isotope
dating of the Boudin Formation that overlies the Wessels Formation revealed that deposition
of the former occurred rapidly at 1-1.2 Ma (Gabrielli, 2007; Matmon et al., 2015; Vainer et
al., 2018a, Vainer et al., 2018b).

A regional isopach map of the southern Kalahari Basin (Haddon, 2004) shows three areas of
localised thickening of the Kalahari Group (Fig. 3). Maximum thicknesses of ~200 m occur
in an elongate £-W depocentre along the border between South Africa and Botswana. This is
linked to a second, NE-SW-trending depocentre with thicknesses up to ~150 m that extends
SW towards the western end of the KBFO3A profile. The third depocentre defines a narrow
crescentic trough up to 200 m deep that lies immediately north of the profile line and



corresponds to the western and southern portions of the Morokweng impact structure (Fig. 1,
Fig. 3), as discussed in detail later. More recently, the discovery of the Trans-Tswana river
course connecting the Quaternary beds in the study area to the Angolan Highlands has
provided additional evidence of the greater tectono-stratigraphic complexity in the Kalahari
Group (Vainer et al., 2018Db).

Apart from analysis of chips from percussion drilling, the pre-Kalahari Group basement
geology has been further inferred from interpretation of regional gravity, magnetic and
seismic studies (e.g. Corner et al., 1997; Tinker et al., 2002; Haddon, 2004). In the vicinity of
the profile it comprises Neoarchaean granitoid gneisses and subsidiary greenstones onto
which a series of supracrustal sequences were deposited. These supracrustals span in age
from the Neoarchaean Ventersdorp Supergroup to the passive-margin-type Palacoproterozoic
Griqualand West and Olifantshoek supergroups, all of which dip gently westwards (Tinker et
al., 2002; Haddon, 2004). Although there is some doubt as to the stratigraphic subdivisions of
the Proterozoic sequences, outcrops to the south and west of the profile indicate that they
were subjected to a broadly east-verging, thin-skinned, fold-thrust belt tectonism that affected
the western edge of the Kaapvaal craton between ~1.85 and 1.2 Ga (Van Niekerk and
Beukes, 2019). This has relevance for the location of the western edge of the craton, which is
placed by Van Niekerk and Beukes (2019) approximately 200 km west of the western end of
the KBFO3A profile, which they termed the Kalahari Line, running between the Kheis Belt
and the Kaaien Terrane (Fig. 1). Regional potential-field geophysical data and rare outcrops
show that both the granite-greenstone basement and the Neoarchaean-Palacoproterozoic
supracrustal sequences are intruded by multiple dyke sets, mostly of mafic composition, with
the most prominent being the 1.92 Ga, ENE-trending, Tsineng dyke swarm (Alebouyeh
Semami et al., 2016).

The Carboniferous to Jurassic Karoo Supergroup in the vicinity of the KBF03A profile is
restricted to the basal, glacially-deposited Dwyka Group, although the overlying Ecca and
Beaufort groups are known to suboutcrop beneath the Kalahari Group west of the Botswana
border (Visser, 1982; Key and Ayres, 2000). Regional palacoenvironmental reconstructions
based on the nature and distribution of the Karoo Supergroup lithologies in South Africa,
Botswana and Namibia indicate that the KBFO3 A profile cuts obliquely across the NW flank
of a broad flexural arch, known as the Cargonian Highlands, that separated the main Karoo
Basin to the south from the so-called South Kalahari Basin (not to be confused with the more
extensive Cretaceous-Cenozoic basin) in Botswana and Namibia (Visser, 1982, Visser,
1987). In the context of the interpretation of the main Karoo Basin as a retroarc foreland
basin lying north of the Permo-Triassic Cape orogenic system, the Cargonian Highlands are
considered to represent the foreland bulge, and the South Kalahari Basin as the back-bulge
region (Catuneanu, 2004; Isbell et al., 2008). The Dwyka Group underlying the western edge
of the KBFO3A profile has been interpreted as the remnants of glacial palaecovalley deposits
formed in the Cargonian Highlands during SW to WSW ice flow into the marine depocentre
to the west (Visser, 1982; Bangert et al., 1999; Opdyke et al., 2001; Catuneanu, 2004;
Catuneanu et al., 2005; Isbell et al., 2008).

A further significant regional feature largely known only from potential-field geophysics,
percussion chips from water wells, and exploration borehole cores is the 146 £ 2 Ma
Morokweng impact crater (Hart et al., 1997; Koeberl et al., 1997; Kenny et al., 2021).
Impact-melt rock has been recovered in boreholes from an approximately 30 km wide area
that coincides with a circular magnetic anomaly (Fig. 2c, inner ring) that is interpreted as
only the central part of a larger crater. The impact-melt rock is directly overlain by the



Kalahari Group, indicating significant post-impact erosion, estimated at >1 km (Wela, 2017).
This hampers determination of the original crater size, however, geophysical evidence of
suppressed magnetism affecting the prominent Tsineng dyke swarm in an annulus around the
melt sheet region (Fig. 2c, outer ring) suggests a minimum diameter of 70—80 km (Koeberl et
al., 1997; Henkel et al., 2002). At such a diameter, the KBFO3A profile lies across the SSW
edge of the impact structure. Potential-field geophysical data show a prominent £- to ENE-
trending dyke that cuts - and therefore postdates - the impact structure (Machavie Dyke, Fig.
2). It is unclear if this dyke, which also cuts the profile, is related to other broadly E-trending
dolerite dykes identified by Key and Ayres (2000) in the Karoo Supergroup suboutcrop west
of the profile.

3. Surface geology and geophysics of the KBF03A profile

The surface geology, pre-Kalahari geology and the local magnetic intensity of the area
around the KBFO3A profile are shown in Fig. 2a, b and c, respectively. Topographically, the
profile increases in elevation from ~940 m.a.s.l. (metres above sea level) to 1130 m.a.s.1.
towards the ESE (Fig. 2d). The profile transects a gap in the most significant topographic and
outcrop feature - the Kuruman Hills (Fig. 2a) - which trace the arcuate outcrop of the gently
west-dipping banded iron formations (BIF) of the Kuruman Formation of the
Palaeoproterozoic Griqualand West Supergroup (GWS), producing a strong magnetic
signature that dominates the magnetic map (Fig. 2c). The eastern end of the profile terminates
in the vicinity of scattered small outcrops of Neoarchaean granite and a single outcrop of the
basal Vryburg Formation of the GWS (Fig. 2a; Gabrielli, 2007). Apart from this the profile is
devoid of outcrops.

The Neoarchaean granitoids at the eastern end of the profile correspond to the southern edge
of the broad gravity low known as the Ganyesa Dome, which is interpreted as uplifted
basement (Andreoli et al., 1996; Corner et al.,1997; Henkel et al., 2002). Apart from the
circular anomalies linked to the Morokweng impact structure and the mainly ENE-trending
magnetic lineaments interpreted as 1.92 Ga Tsineng dykes, this basement displays a slightly
sinuous, 100 km x 20 km elongate-elliptical, N-trending, magnetic high, informally referred
to as the Linopen anomaly (Fig. 2c), that is interpreted as a greenstone belt. This belt tapers
southwards towards the KBFO3A profile and intersects it at the location of a shallow
exploration borehole (NEV-1, Fig. 2c) that records vertical banded ironstone in faulted
contact with overlying GWS carbonates (Reimold et al., 2002). The Machavie dyke, which
intersects the profile at CDP 3700, cuts the Morokweng impact structure and the ENE-
trending Tsineng dykes, indicating a < 146 Ma age, although no sample material has been
retrieved to confirm its composition.

The central and western segments of the profile cross a broad sequence of slightly sinuous,
NNE-trending magnetic anomalies that include the banded ironstones of the Kuruman
Formation. These magnetic anomalies are truncated towards the western edge of the profile
by a major NE- to NNE-trending feature to the west of which the magnetic anomalies are
more subdued. This 250 km long anomaly coincides with a major W-dipping structural
discontinuity in the Palaeoproterozoic basement that Tinker et al. (2002) named the
Moshaweng fault. However, whereas Tinker et al. (2002) interpreted displacement on the
fault as normal (albeit with possible strike-slip reactivation as well), Beukes et al. (2019)
concluded that further north it displaces the Palaeoproterozoic Molopo Farms Complex and
its hanging- and footwall lithologies in a reverse sense. The observation that the Moshaweng
fault coincides with a distinct change in the pattern of the basement magnetic anomalies



(smoother to the west vs. sharper to the east) strongly suggests that the Dwyka Group is
limited to the western side of the Moshaweng fault. Surface exposures and suboutcrops of the
Karoo Supergroup are currently unknown to the east of the Kuruman Hills (Haddon and
McCarthy, 2005; Gabrielli, 2007; Westgate, 2020), but close to the western end of the profile,
in Botswana, the Dwyka rocks are extensively overlain by younger Karoo Supergroup
sediments attributed to the Ecca and Beaufort groups (Key and Ayres, 2000; Haddon, 2004).

4. Methodology

The principal aim of this study is to investigate whether reprocessing of the legacy KBFO3A
seismic profile using modern algorithms and methods allows constraints to be placed on the
recent tectonic history of the Kaapvaal craton, which is poorly understood within the interior
of southern Africa. Since the acquisition of this profile in 1994, the authors have gained
experience in hard rock seismc processing, and more data (mainly magnetic and borehole
data) have been made available to constrain the seismic interpretation. Reprocessing involved
initial retrieval and recovery of the raw shot gathers, pre-stack processing and application of
post-stack processing and migration to correctly enhance the mapping of reflections in space.
Subsequent utilization of seismic attribute analysis was done to enhance the subtle structural
details within the reprocessed data. In general, reprocessing of the seismic data has resulted in
substantially better imaging of the stratigraphy and structural features along the seismic
profile, particularly of the unconformities at the bases of the Kalahari and Dwyka groups.

The raw shot gathers and unmigrated stacked data (processed by the contractors in 1994)
were received in SEG-Y format. Information regarding the acquisition parameters was
obtained from the field observers' reports provided by the company as well as the SEG-Y
headers. However, no information is available regarding the original processing workflow for
the 1994 stacked section, which was interpreted by Tinker et al. (2002), who concluded that
the Dwyka and Kalahari groups were poorly imaged by the data. In addition to the work by
Tinker et al. (2002), two boreholes (KHK-1 and NEV-1, see Reimold et al., 2002, Fig. 1)
located along the profile, as well as water boreholes studied by Smit (1974), reveal an
absence of Dwyka Group sediments along the eastern half of the profile.

4.1. Acquisition

Table 1 details the parameters used for acquisition of the data in 1994. The seismic profile
has a total of 3130 shot records (already cross-correlated) with 120 channels per shot and

50 m shot and receiver spacing, and was acquired using the roll-along acquisition method.
The resonant frequency of the receivers was 10 Hz (vertical single component) with a low-cut
analogue filter of 3 Hz. The resulting nominal CDP fold is 60 and the average CDP fold using
the crooked line geometry shown in Fig. 2 is 50 with a bin size of 25 m parallel to the profile.
The seismic survey was designed with a sweep length of 16 s and sweep frequency of 15—

75 Hz, and a receiver sampling rate of 4 ms. The recorded sweep was cross-correlated with
the Vibroseis pilot sweep for each shot location and the correlated trace was saved in a SEGD
format and converted to SEG-Y format for processing, the same state that we received the
data in. We then investigated the quality of the recorded gathers before setting up the
geometry of the profile for reprocessing.



Table 1. Acquisition parameters of seismic line KBFO3A.

Survey Parameters

Type of survey 2D crooked line

Year 1994

Profile length 150 km

Trend SES-NWN

Split spread 2975-25-X-25-2975 (m)
Nominal fold 60

Recording System

Recording device Sercel 338

Sampling rate 4 ms

Record length 6s

Sweep length 16 s

Sweep frequencies 15-75 Hz linear

Source Information

Source spacing 50 m

Source type 4 Pelton MK II vibrators in a line
Receiver Information

Receiver spacing 50 m

Geophone type 10 Hz (SM4U)

4.2. Data reprocessing

A summary of the reprocessing steps applied to the data is given in Table 2. The crooked
nature of the seismic profile complicates the seismic imaging quality (e.g. Adam et al., 1998).
For example, if the crooked geometry at the NW end of the profile is not carefully considered
in the processing stage, steeply dipping reflectors will not be imaged in the final stacked
section owing to poor alignment of reflection events in common depth point (CDP) gathers.
Considerable success has been achieved through different processing approaches in
improving 2D crooked-line imaging in the hard rock environment, especially at crustal scale.
Several possible solutions to improve crooked-line imaging are documented in the literature
(e.g. Kim et al., 1992, and Nedimovi¢ and West, 2003). Given that the profile KBFO3A
approximates a straight line, the method we decided to use was the standard crooked survey
line. This was done by fitting a spline curve through the cloud of common midpoints on the
surface with the highest number of binned traces.

Table 2. Processing sequence of seismic line KBFO3A.

Geometry and CDP binning

First break picking

Trace editing

Amplitude Recovery

AGC window length: 500 ms

5. Floating datum static corrections
Fixed datum elevation: 1140 m
Replacement velocity: 6000 m/s

6. Refraction static corrections
RMS error < 8 ms

7. Frequency filtering
Notch filter: 50 Hz
Bandpass: 5-15-75-100 Hz

8. F-K filtering

F-K mute rejecting velocities below 3100 m/s

5 el 5° b



9. Predictive deconvolution
Average prediction gap: 30 ms (range of 2640 ms)
Average operator length: 100 ms (range of 80—130 ms)

10. Velocity Analysis
11. NMO correction
Stretch mute: 60%
12. Residual statics
Repeat NMO corrections and residual statics (3 iterations)
13. DMO
14. Stack
15. F-X deconvolution
16. Migration

Kirchhoff migration velocity: 5500 m/s
Maximum allowed stretch: 50%

Fig. 4 shows examples of the recorded shot gathers before and after the initial processing
detailed in Table 2. In general, the quality of the data is good, with clear first breaks
(indicated by red arrows in Fig. 4a) observed in most of the shot gathers, as well as
reflections (indicated by green arrows in Fig. 4). Amplitude spectral analysis of raw gathers
indicates that raw data contain the expected frequency range of 10—75 Hz. After binning the
traces into CDP bins and merging the geometry with the trace headers, first arrivals were
picked in the shot gathers to correct for the effect of low-velocity wave propagation in the
overburden (refraction static corrections). Bad traces were then muted and an AGC with a
window length of 500 ms was applied to the gathers to recover attenuated amplitudes.
Overall, approximately 375,600 first breaks were picked with a preliminary automatic
method followed by a precise manual investigation to fine-tune the picked arrivals. Both
floating datum statics and refraction statics were applied to the data. The profile had
minimum and maximum elevations of 940 m and 1133 m, respectively, and therefore a
reference datum elevation of 1140 m was chosen along with a replacement velocity of
6000 m/s, as was determined by analysis of far offset first arrivals. The refraction static
corrections were computed using the Generalised Linear Inversion method developed by
Woodward (1992) for the first arrivals, inverting for the weathered layer velocity and
thickness along the profile. The resulting RMS error was less than 8 ms and the weathered
layer exhibited velocities ranging from 2000 to 3500 m/s.
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Prestack processing comprised frequency filtering, f-k filtering and predictive deconvolution.
A notch filter was used to remove a dominant 50 Hz component of the data, as indicated by
the lowermost orange arrows in Fig. 4c, d, likely attributable to the presence of power lines
carrying AC current near certain regions of the survey. A bandpass filter was then applied to
attenuate frequencies not contained in the sweep (i.e. 15—75 Hz). From shot-gather analysis,
the direct s-wave arrival was determined to have an average velocity of 3100 m/s, thus an f-k
mute was applied to remove any linear signal having a velocity less than 3200 m/s (or dip
more than 16 ms/trace). Finally, a shot-dependent predictive deconvolution was applied with
the prediction gap and operator length being specified every hundredth shot and interpolated
for intermediate shots. Hence the deconvolution parameters varied across the length of the
profile; the prediction gap had an average of 30 ms and ranged from 26 ms to 40 ms and the
operator length had an average and range of 100 ms and 80 ms to 130 ms, respectively.

As indicated by the green arrows in Fig. 4, reflection continuity and temporal resolution are
considerably enhanced by deconvolution and frequency filtering. The deconvolution also
suppressed short-wavelength reflection multiples, as indicated by the blue arrows, and there
has been significant noise reduction and signal boosting owing to the notch and f-k filtering.
The 50 Hz noise can be seen in the left region of Fig. 4c from 2 s downwards (orange arrow),
which has been suppressed by the notch filter in Fig. 4d. Muted traces were already present in
the raw data.

Detailed velocity analysis was performed using constant velocity stacks to generate a velocity
model for dip-moveout (DMO) corrections. Prior to DMO corrections, careful residual static
corrections (consisting of three iterations) were applied to increase the coherency of the
reflections. The DMO velocity model was chosen to ensure the imaging of both shallow and
deep, steeply dipping reflections. The final DMO velocity model exhibited values from 3000
to 6500 m/s (the lower velocity values of 3000 to 4000 m/s are attributed to the Kalahari and
Karoo sediments). An offset-time Kirchhoff dip-moveout (DMO) was then applied to the
data, followed by stacking of the data along the CDP line with a 60% stretch mute. F-x
deconvolution was applied to the stacked section to increase signal-to-noise ratio of the data
by boosting coherent events. Several migration algorithms (e.g. Stolt, finite difference, phase
shift and Kirchhoff migration methods) were tested for poststack migration. After several
tests, the stack was migrated using a frequency-domain Kirchhoff migration (Yilmaz, 2001)
as it resulted in the best images.

5. Results and interpretation
5.1. Imaging of Phanerozoic sediments

Fig. 5 shows the results of the reprocessed and interpreted section of profile KBFO3A. The
focus of the interpretation comprises the Dwyka and Kalahari groups and the section has thus
been truncated at 650 ms and features exclusive to the underlying Proterozoic metasediments,
which are the subject of a separate study, have been are not discussed in detail In general,
both the Kalahari and Dwyka unconformities exhibit strong reflections that are disrupted by
structural features including faults and folds.
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Uninterpreted Resilts

Fig. 5. Top 650 ms of the fully reprocessed seismic profile. The western half (a) runs from CDP 6100 to CDP
3100 and the eastern half (b) runs from CDP 3100 to CDP 100. Interpretations made along the profile are
exclusive to the Kalahari and Dwyka unconformities (KU and DU, respectively). Black lines and red lines are
indicative of reverse/thrust and normal faults, respectively, and red arrows denote folding. An: Antiform; Sn:
Synform. The locations of boreholes KHK-1 and NEV-1 (see Reimold et al., 2002) are plotted along the profile.

In particular, the western end of the profile (CDP 4000-5100), where the Dwyka Group
suboutcrop is present, reveals broad (~10 km wavelength) cofolding of both Kalahari and
Dwyka sediments, with notable anticlinal (An) and synclinal (Sn) features (Fig. 5). The
Moshaweng fault is located near CDP 4200, where it appears to truncate the Dwyka Group
and severely disrupt the Kalahari Group. East of the Moshaweng fault, the Kalahari Group
exhibits multiple folds of varying wavelength as well as faulting, with two distinct
discontinuities that disrupt the Kalahari unconformity reflection entirely. The first, located
between CDPs 1800 and 2100, is void of any reflections from both Phanerozoic and
Proterozoic layers. We interpret this region as the possible intersection of the seismic profile
with a highly oblique fault zone, owing to its ~5 km expanse (Fig. 5). The second major zone
of disruption is located between CDPs 900 and 1000 and is characterised by chaotic
reflections. These features and their neotectonic implications are discussed in more detail in
the Structural Interpretation and Discussion sections.

5.2. Seismic tomography

A first break travel time tomography up to a depth of 1200 m, which accounted for elevation,
was computed using picked first breaks across the entire profile (maximum offset in shot
gathers was ~3000 m). The velocities and ray paths are displayed in Figs. 6a and b,
respectively, as well as traces overlaying the velocities and an interpreted section in Figs. 6¢
and d, respectively. The interpreted section merely shows proposed low-resolution velocity
boundaries between strata, with faults other than the primary Moshaweng fault not shown.
The tomography shows that the seismic velocities of the Kalahari Group sediments range
between 1000 m/s and 3500 m/s, reflecting its variable lithification, whereas the Dwyka
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Group sediments range between 3000 and 4000 m/s. The underlying crystalline Proterozoic
and Archaean lithologies have velocities larger than 5000 m/s and are clearly imaged by the
tomography. These velocity values correlate with the sonic logs of the KHK-1 and NEV-1
boreholes (Reimold et al., 2002) in the eastern part of the profile, as interpreted by Anglo
American Corporation, as well as those reported by Tinker et al. (2002), as velocities from
the latter two studies fall within the quoted velocity ranges from the tomograms.
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Fig. 6. First-break traveltime tomogram of seismic line. The velocities are displayed in (a), the ray paths in (b),
and a composite in which only velocities that were sampled by at least one ray path are kept. The composite is
displayed with every 50th trace of the stack overlaid in (c), as well as with a basic interpretation of the
tomogram in (d). “L” in d corresponds to the location of the magnetic lineament of the same label in Fig. 2c.

The ray paths, shown in Fig. 6b, sample the sediments of the Dwyka and Kalahari groups
effectively, with as many as 1200 ray paths coinciding along the sediment interfaces. Most
ray paths were refracted at the boundary separating the Phanerozoic sediments and
Proterozoic metasediments, providing a good proxy of where this boundary lies and
improving confidence in the reflection interpretation. Fig. 6¢ demonstrates good correlation
between the refraction velocity model and the reprocessed stack. In this figure, every 50th
trace is overlaid on the velocity model. There is strong correlation of the Kalahari Group
unconformity along most of the profile. The Dwyka Group unconformity also correlates well
with the reflection seismic section (Fig. 6d) and is constrained to a depth between 400 m to
800 m, exhibiting low velocities <4000 m/s.

The interpreted tomography is shown in Fig. 6d. As previously mentioned, the interpretation
is of first-order features only, and indicated boundaries are based on velocity differences and
do not resolve faulting and short wavelength folding. Two outcrops of Archaean-Proterozoic
rocks are evident on the tomography near CDPs 1000 and 3500; these are visible on the
geological map (Figs. 2a and 6d).

At CDP 2000 in Fig. 6d, labelled “L”, the ray paths are severely disrupted, have no distinct
boundary and travel to a significant depth, indicating a low velocity zone with an
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undetermined lower boundary. The profile intersects, and is highly oblique to, two features at
this point that are visible in the potential field geophysics, namely, a prominent magnetic
lineament (“L” in Fig. 2c) and the outer parts of the Morokweng impact structure (Fig. 2b,c).
These are discussed further below.

5.3. Comparison between legacy data and reprocessed data

The seismic section down to 1.5 s TWT exhibits similar first-order features to that of Tinker
et al. (2002), with the Dwyka Group underlying the Kalahari Group to the west of the
Moshaweng fault, which is at CDP 4200, and the Kalahari Group unconformably overlying
progressively older Proterozoic to Archaean rocks towards the east (Fig. 7). However, the
reprocessed data have significantly enhanced both unconformities, revealing their more
precise location and, thus, better depth constraints and better resolution of finer structural
detail that was not apparent in the legacy dataset.

a 1994 Stack

1500

1000 2000 3000 4000
cDp

b 2019 stack

6000 5000 - 4000 ' 3000
CDP

Fig. 7. Comparison of legacy stack section (a) with reprocessed stack section (b). Regions of notable
improvement are outlined in rectangles and corresponding zoomed sections are shown in Fig. 8. Note that CDP
labels are different for the two datasets as our CDP bins increased from east to west (following direction of
acquisition).

As the migrated legacy data were unavailable, the legacy unmigrated stacked section is used
for comparison with the reprocessed unmigrated stacked section, as shown in Fig. 7, Fig. 8.
Fig. 7 comprises the majority of the profile and Fig. 8 comprises zoomed windows of both
the legacy stack and the reprocessed stack. Fig. 7 is truncated at 1.5 s TWT for better display
and because most improvements in the data are evident within this window. There are a few
prominent differences between Figs. 7a and b, which are examined in more detail within the
coloured rectangles in Fig. 8.
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Fig. 8. Zoomed regions of reprocessed stack (a and b) and corresponding regions of old stack (¢ and d). The
colours of the outlined boxes correspond to those shown in Fig. 7. White arrows indicate Dwyka unconformity
reflections and black arrows indicate Kalahari unconformity reflections.

Figs. 8a and b clearly delineate the base of the Kalahari Group (black arrows), which was
poorly imaged in the 1994 stack (Figs. 7c and d). In the 1994 data, the overall signal-to-noise
ratio is poorer, preventing the reflections from being clearly imaged and blurring the junction
point of the dipping layers and the unconformity west of the Moshaweng fault. Additionally,
the Dwyka unconformity (white arrows), while still discontinuous, exhibits an evident
improvement in the reprocessed section relative to the 1994 stack. Finally, while the
Proterozoic sediments underlying the two unconformities are not the focus of this study, it is
worth noting their improvement in image clarity after reprocessing, as shown by the clearer
parallel, dipping reflections in Fig. 8b compared to Fig. 8d. Replication of faults and folds in
the reprocessed data is promising and strengthens the confidence of our proposed
interpretation as discussed later in the paper. For example, the faults seen in the dipping
layers of Fig. 8b match those of the legacy data in Fig. 8d. Coupled with the enhancement in
reflection continuity, these replicated features are more likely to be the result of geological
features and not computational or interpretive artefacts.

5.4. Seismic Attributes

To further improve and enhance the mapping of geological features, we applied seismic
attributes to the reprocessed seismic section. Instantaneous seismic attributes were first
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introduced by Taner et al. (1979) and have since proven invaluable as seismic interpretation
techniques to enhance the structural interpretation of seismic data (Taner et al., 1979; White,
1991; Brown, 1996; Barnes, 2000). The two core instantaneous attributes - the instantaneous
amplitude 4(2?) and instantaneous phase ¢(?) - are derived from the complex trace c(?),
associated with the original trace s(z), as follows:

c(t)= s(t)+ iH|[s(t)

A(t)=le(t)]

p(t)= arg{c(t)}

where H/] is the Hilbert transform and arg{} is the complex argument, or angle. The cosine
of the instantaneous phase, cp = cos(p(t)), is typically used as an attribute instead of the
phase itself. The instantaneous amplitude attribute is useful at highlighting strong reflections
as it is a measure of the local absolute amplitude of the wavelet. The instantaneous phase, on
the other hand, removes all amplitude information and acts as an idealised automatic gain
control (AGC). It thus enhances weak reflections and emphasises subtle changes within a
reflection across traces, making it useful to pick up vertical features such as faults (Taner et
al., 1979).

Westgate (2020) introduced an attribute that is a composite of either of the two above
mentioned instantaneous attributes and the novel symmetry attribute (Manzi et al., 2019;
Westgate, 2020). The composite attribute is a hue-saturation-intensity (HSI) image that is
created by assigning one of the instantaneous attributes to the intensity component of the
image and assigning the symmetry attribute to the hue component of the image. The
symmetry component, as explained by Westgate (2020), is calculated by running a window
through the seismic section of user-defined size and the centre value of the window is
calculated to give the local symmetry of the data within that window. The result is a doubling
of the wavelet limbs — due to symmetry attaining a maximum at every trough and peak and a
minimum at every point of inflection — which adds a layer of detail to the to the wavelet
anatomy. Additionally, symmetry is independent of amplitude so it acts both as a gain filter
and an edge detector.

The advantages of this attribute, compared to the conventional attributes, are that it is able to
enhance both strong and weak reflections while still distinguishing between them, and it is
also effective at tracking continuity of reflections in both hard rock and soft rock settings
(Westgate, 2020).

Two instantaneous attribute composites have been computed to enhance the continuity of
Kalahari Group and Dwyka Group reflections along the section and, thus, for the
identification of faults, folds and other structural features along the reflections. The first is a
composite of the symmetry and instantaneous phase, which is used to enhance weak
reflectors and track continuity. The second is a composite of symmetry and instantaneous
amplitude, which is useful for highlighting zones of strong reflectivity and bedding. Fig. 9
shows different sections of the line within the top 800 ms TWT. Such features are evident in
the Kalahari Group unconformity in Zoom A and Zoom B of Fig. 9, shown by light and dark
blue arrows, with particular attention to the Moshaweng fault in Zoom B, which is more
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easily delineated in the symmetry-phase composite. The Dwyka Group sediments also exhibit
faulting in Zooms B and C in the composite attributes.
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Fig. 9. Attribute analysis: three different sections (Zooms A to C) showing, from left column to right column,
the original data, the composite of symmetry and instantaneous phase cosine, and the composite of symmetry
and instantaneous amplitude (Westgate, 2020). Light blue arrows indicate faulting, dark blue arrows indicate
folding. Red dotted line in Zoom B resembles Moshaweng primary normal fault and black dotted line resembles
reverse fault.

These seismic attributes also enhance subtle features in the data owing to their AGC
properties, in this case folding features are enhanced. Zooms A and C of Fig. 9 illustrate
significant folding in both the Kalahari and the Dwyka sediments (dark blue arrows). Light
blue arrows show regions of substantial folding, which manifest in both the Kalahari and
Dwyka unconformities.

5.5. Structural interpretation
5.5.1. Kalahari Group

Contrary to Tinker et al. (2002) who suggested that the Kalahari Group unconformity along
the length of the profile is seismically transparent, the reprocessing results show a strong
reflector over much of the profile length. This has allowed us to more precisely constrain
Kalahari Group thicknesses across the profile and to investigate structures affecting it. The
Kalahari Group thickens broadly from ESE to WNW along the profile, reaching a maximum
thickness of ~250 m at CDP 4910 and at the western edge of the profile (Fig. 5), which is
consistent with water borehole percussion drilling data from within the region (Haddon,
2004; Haddon and McCarthy, 2005) (Fig. 3). The shallowing towards the basement outcrops
at CDP 3500 and CDP 1000 is evident, as is the slight deepening between CDP 2250 and
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CDP 3200 (Fig. 5), which coincides with the southern edge of the crescent-shaped depocentre
that corresponds to the outer parts of the Morokweng impact structure, in which maximum
thickness approaches 200 m (Fig. 3; Haddon and McCarthy, 2005). The overall deepening
across the profile to the WNW is consistent with the incursion of the profile slightly deeper
into the Kalahari Basin from the ESE end of the profile, which lies close to the current
outcrop limits of the Kalahari Group (Fig. 3).

The continuity of the Kalahari Group unconformity reflections, as seen in Fig. 5, is disrupted
at CDP 18502050 and across the Moshaweng fault at CDP 4150—4300, and reflections are
less well-defined at CDP 950-1050, and CDP 5500-5700, the lattermost of which may be
attributed to the kink in the profile geometry within this area (Fig. 2). The ~5.5 km wide
disruption at CDP 1830-2050 is unusual as it extends a significant distance into the
underlying crystalline basement. Examination of the raw shot gathers within this zone, as
shown in Fig. 10, reveals that there are no evident coherent reflections and the first breaks are
virtually incoherent, with a strikingly clear disruption in reflections at both ends of the
feature, to a degree where the edges of the feature can be precisely pinpointed. The latter
suggests that this is not an acquisition defect related to poor geophone coupling or a highly
variable weathered layer. Although a major dyke intersects the profile at this zone (L in Fig.
2¢), the tomography results (Fig. 6) indicate unusually slow seismic velocities, which seems
inconsistent with a dyke of likely mafic composition; furthermore, comparison of the profile
with the potential-field image shows no similar effects where other dykes cross the profile
(e.g. Machavie dyke at CDP 3700 in Fig. 5) and the dyke in question also appears to be itself
disrupted by the projected rim of the Morokweng impact structure (Fig. 2c). Slow seismic
velocities and scattering would be compatible with highly faulted rocks (Iacopini et al.,
2016). The west-dipping Proterozoic rocks beneath the Kalahari unconformity in this area are
disrupted by several faults with significant apparent E-side-down normal-slip displacements
(Fig. 5). The unconformity itself does not demonstrate a similar magnitude of vertical offset;
however, small-scale faults and folds affecting the Kalahari unconformity are more intensely
developed immediately adjacent to CDP 1850-2050 compared with the rest of the profile
(Fig. 5). From this, we suggest that the disruption in the Kalahari unconformity is linked to
faulting that is localised above a zone of basement rocks that were already highly faulted but
that did not themselves involve large post-Kalahari Group displacements. Fig. 2 also shows
that the profile is approximately tangential to the Morokweng impact structure and, if the
~80 km diameter estimate (Henkel et al., 2002) is correct, the profile appears to cut through
the SSW sector of the crater rim, which would be expected to display N- to NNE-side-down
block faulting along E-W to ESE-WNW listric N-dipping faults (e.g. Kenkmann et al., 2014).
Up-dip projection of the prominent W-dipping GWS reflector lying west of the disrupted
zone (Fig. 5) shows that the zone must accommodate a substantial downthrow of the reflector
to the east/north. The width of the zone of anomalous signals both above and below the
unconformity and the apparent E-side-down displacement of the underlying W-dipping
basement strata would both be consistent with an oblique intersection of the pre-Kalahari
Group Morokweng crater rim. In this case the true downthrow of the basement fault(s) would
have been directed to the NNE, while the thickening of the Kalahari Group isopachs suggests
that these pre-Kalahari Group faults underwent subsequent reactivation.
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Fig. 10. Shot gathers at either end (shots 6610 to the West and 6700 to the East) and centre (shot 6659) of the
major discontinuity centred on CDP 2000, illustrated in Fig. 5. Note the collapse of first breaks within this
region, possibly caused by loose overburden, leading to bad coupling.

The weak and disrupted signal at CDP 900-1100 in Fig. 5 could reflect the shallowing
Archaean basement rocks, but could also be related to the proximity of vertical N-S-trending
Archaean greenstone lithologies that are inferred based on the intersection of the profile with
the N-S-trending Linopen magnetic anomaly at this point (Fig. 2b). Gabrielli (2007)
identified a small inlier of Archaean greenstone mafic rocks outcropping beneath the Vryburg
Formation (lowermost Griqualand West Supergroup) close to the profile. The presence of
either Campbell Rand Subgroup dolomite or Archaean granite directly below the Kalahari
Group cover within boreholes located at the nearby Melrose farm supports the presence of
faults in the vicinity (R. Correns, personal communication, 1996).

A sharp disruption within the Kalahari Group is observed at CDP 6000 (Fig. 5), which is
characterised by what appears to be a steeply dipping (>60°) dislocated block. However, the
wavelet associated with this feature has a discontinuous phase and is contracted, suggesting
that it is an anomalous feature likely due to wave interference (e.g. from out-of-plane
reflections).

The Kalahari unconformity is disrupted by multiple faults with varying orientations and
apparent reverse - and rare apparent normal - displacements of up to tens of metres (Fig. 5),
as well as large-wavelength (>1 km) gentle folds that are generally spatially associated with
the faults. The steep overall apparent dips (>60°) of the faults is misleading owing to the
vertical exaggeration in Fig. 5; in reality, most faults have apparent dip angles of 10-30°,
although true dip direction cannot be constrained from a 2D profile. Fault intensity is higher
on the eastern side of the profile, where the Kalahari Group directly overlies
Palaeoproterozoic basement that appears to be significantly disrupted, and is especially
common between CDP 100 and CDP 2200, within the limits of the Morokweng impact
structure (Fig. 2, Fig. 5). As the Kalahari Group unconformably overlies the partially eroded
Morokweng impact melt (Andreoli et al., 1996), these faults cannot themselves be impact-
related. However, the previously mentioned faults that extend into the basement beneath the
unconformity appear to be continuous with faults cutting the unconformity, but have larger
senses of throw.

In the western part of the profile where the Dwyka Group underlies the Kalahari Group,
faulting of the Kalahari Group appears less intense, with the exception of the immediate
hanging wall adjacent to the Moshaweng fault (Fig. 5). However, fault and fold features with
a similar general scale and appearance to the Kalahari Group are also observed affecting the
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Dwyka Group unconformity. The Kalahari Group unconformity is more strongly disrupted
above areas where the pre-Dwyka basement lies closer to the surface (Fig. 5). The most
intense faulting with the largest displacements occurs where the Kalahari unconformity
shows large-scale anticlinal folding, at CDP 4250 and CDP 4700.

In the vicinity of the Moshaweng fault, the orientation and disruption of the Kalahari
unconformity becomes complex. In the footwall east of the fault, several strong reflectors
show variable amounts of steepening towards the fault, consistent with normal drag folding
on a normal dip-slip fault. In the hanging wall a highly disrupted syncline appears to exist
immediately adjacent to the fault between CDP 4200 and CDP 4150 but the unconformity
steepens away from the fault between CDP 4300 and CDP 4250, dipping eastwards towards
the fault on the limb of a large-scale anticline (Fig. 5). The steepened limb is well picked out
by the symmetry-phase composite in Fig. 9. While this feature bears some resemblance to a
rollover anticline above a normal dip-slip fault, the crest of the hanging wall anticline defined
by the unconformity is at the same approximate elevation as the unconformity in the footwall
to the fault (Fig. 5, Fig. 9). The hanging wall anticline is also matched by a similar, slightly
less pronounced, asymmetric anticline with an opposing sense of vergence at CDP 4750, and
the Dwyka unconformity in the hanging wall of the Moshaweng fault does not appear to be
similarly steepened (see symmetry-phase composite in Fig. 9), as would be expected for a
rollover anticline. Taken together, and given the common association of folds affecting the
unconformity with faults with apparent reverse slip, these features suggest that the fold in the
hanging wall of the Moshaweng fault is rather related to compression and, thus, that it formed
in association with inversion of an original post-Kalahari unconformity normal fault. This
inversion largely reversed the earlier bulk downthrow of the west block of the Moshaweng
fault, as discussed further in the Discussion section, although localisation of reverse slip west
of the principal normal fault plane has preserved evidence of the earlier episode. Based on the
reprocessed data, we suggest that the Moshaweng fault manifests as an ~2.9 km wide zone,
different parts of which were reactivated at different times during and following Kalahari
Group deposition.

The reprocessed data reveal that the Kalahari unconformity is folded on a wavelength from
~1-2 km up to ~10 km. The smaller folds show the most regular wavelengths but are
nonetheless highly variable (e.g. CDP 100-550, Fig. 5), commonly intensifying in parallel
with the increased prevalence of faults, most of which show apparent reverse slip (e.g. CDP
800). Locally these folds are concentrated, together with faults, in the hinges of larger
wavelength anticlines (e.g. CDP 2200 and 3450). In general, the folds appear upright to only
slightly asymmetric, although it is not possible to determine the true orientations of structures
in a 2D profile, particularly as the Kalahari Group outcrop is extremely limited and of poor
quality. Nonetheless, Google Earth image analysis indicates a left-stepping en echelon pattern
of subparallel, sharp and straight, WNW-ESE-trending (110—115°) lineaments in the
floodplain of the Moshaweng River towards the eastern end of the profile where some of the
most prominent large-scale folds occur (e.g. CDP 800-900). Kilometres-long lineaments in
the Kalahari Group exposures in the vicinity of CDP 3200 display a predominant 060° trend,
with a spread towards 045°. A broad E-W orientation of the post-Kalahari Group folds and
faults would be consistent with similar features observed near Hotazel at the Kudumane Mine
(Fig. 1; see Section 6 (Discussion)).

The largest fold structures range from relatively concentric gentle anticlines with parasitic

folds and broad intervening synclines that are found in the central and eastern parts of the
profile (anticlines at CDP 2200 and 3480) to the more angular anticline pair west of the
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Moshaweng fault between CDP 4250 and 4750. These latter hinges flank a broad syncline
displaying secondary km-scale folds. Based on our interpretation of the underlying Dwyka
unconformity and basement structures, we propose that this 7-10 km wide feature represents
forced folds above a conjugate pair of reverse faults. The reprocessed data do not appear to
support the presence of a large erosive channel feature within the Kalahari Group towards the
western edge of the profile between CDP 5800—6100 that was proposed by Tinker et al.
(2002).

5.5.2. Dwyka Group

The Dwyka Group is limited to the western third (~45 km) of the profile, with its eastern
extremity lying along the Moshaweng fault (Fig. 5). Tinker et al. (2002) inferred a highly
irregular basal unconformity, which they attributed to both erosive topography formed by the
ice sheet and pre-Kalahari Group faulting, without providing specific details. They
interpreted the elevated basement at CDP 5100-5160 as a 150 m high glacial erosive feature
and show the Dwyka Group as thickening to ~350 m to the west, with the unconformity
reaching a depth of ~600 m below surface at the end of the profile. Based on the reprocessed
data, we infer that the Dwyka Group thickness was relatively constant, at ~200 m, across
much of the profile. This is consistent with thickness estimates through large parts of the
South Kalahari Basin in Botswana (Visser, 1982; Key and Ayres, 2000), west of the
termination of the profile. Visser (1982) shows the Khuis Outlet Dwyka as being covered by
a minimum of 350 m of Ecca, which would be consistent with deepening of the Dwyka
unconformity to the west.

The exceptions to the rule of a relatively constant Dwyka Group thickness occur immediately
west of the Moshaweng fault where it thins to a few tens of metres before signal clarity is
lost, and at CDP 5100-5160 (Fig. 5). The eastward thinning in the hanging wall of the
Moshaweng fault is linked to convergence between the Dwyka and Kalahari unconformities,
which would be consistent with rotation of the Dwyka Group by normal drag folding along
the fault prior to deposition of the Kalahari Group. An intriguing feature resulting from the
improved imaging is the presence of a lower, more steeply west-dipping, reflector beneath
the Kalahari Group reflector in the immediate footwall of the Moshaweng fault and that
appears to terminate against the latter at CDP 4000 (Fig. 5, Fig. 8a). One possible explanation
of this feature is that it represents a remnant of down-dragged Dwyka Group against the fault.
Unfortunately, definitive confirmation of such an option is hampered by the thickness of this
feature lying close to the tuning thickness of the data, and there is no borehole data to
constrain this interpretation; nonetheless, it would be consistent with Beukes et al.'s (2019)
observation of small remnants of Dwyka Group in the footwall of the Moshaweng fault north
of the profile, and would thus place tighter constraints on the amount of post-Karoo throw
along the fault.

Development of a horst block owing to normal-slip faulting with throws of 100—150 m prior
to Kalahari Group deposition explains thinning of the Dwyka Group to ~50 m at CDP 5100—
5160 (Fig. 5). The change in the magnetic map at CDP 5100 (Fig. 2c) is consistent with
raised Proterozoic basement and suggests that these faults have an approximately N-S strike.
This interpretation implicitly differs from that given by Key and Ayres (2000) who proposed
an erosive relief of >100 m along the Dwyka unconformity. Apart from the large-scale
normal block faulting at CDP 51005160, the Dwyka unconformity exhibits gentle, km-scale,
east-verging folds and low-angle west-dipping faults with apparent thrust displacements of
<100 m at CDP 4400-4600 and CDP 48505000, as well as significant co-folding with the
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Kalahari Group (10-20 km wavelength and ~ 300 m amplitude), as seen in Fig. 5. At CDP
4700—-4750 both unconformities are folded and faulted; however, the Dwyka unconformity
anticline is more severely disrupted by faults than the anticline defined by the Kalahari
unconformity (Fig. 5).

6. Discussion
6.1. Resolution of seismic data

Reprocessing the legacy seismic profile KBFO3A has yielded a migrated section that is
clearer and characterised by a greater signal-to-noise ratio, thus allowing for a refined
interpretation. The structural history of the Dwyka and Kalahari groups in the profile is more
complex than previously suggested by Tinker et al. (2002), with Karoo and Kalahari
sediments exhibiting widespread faulting as well as folding. Our interpretation is reliant on
our confidence in the resolution of the seismic data relative to Tinker et al. (2002). The
dominant frequency of the final migrated section (Fig. 5) is 35 Hz, yielding a tuning
thickness of 40 m (assuming an average medium velocity of 5500 m/s) (Widess, 1973). The
lateral resolution is represented in Table 3, where the Fresnel-zone width (Yilmaz, 2001)
along the profile is calculated for depths and velocities representing our velocity model.
Given that our focus lies mostly within the top 1 km, the maximum Fresnel-zone width does
not exceed 270 m, implying features smaller than this are likely still detectable but in the
form of diffractions rather than reflections (Malehmir and Bellefleur, 2009). After migration
of the data, the lateral resolution is improved (Yilmaz, 2001) to approximately the dominant
wavelength. Assuming an average velocity of 5500 m/s, along with the mentioned 35 Hz
dominant frequency, the lateral resolution of the migrated section reduces to 157 m.

Table 3. Fresnel-zone width of KBF03A at different depths and velocities.

Depth (km) Average velocity (km/s) Fresnel-zone width (m)

2 5.0 380
4 5.5 560
6 6.0 720
8 6.0 830
10 6.0 925
12 6.5 1055
14 6.5 1140

6.2. Seismic attributes

Although the reprocessing steps undertaken in this study have significantly improved the
quality of the top 500 ms of the data compared to the original 1994 data, conventional
interpretation of the reprocessed data did not allow for the analysis of the data related to the
structural features within the Kalahari and Karoo strata to their full potential. Our reprocessed
data serve as the basis for generation of composite seismic attributes, which are an innovative
way of enhancing the detection of these features in the data. For example, small-scale faulting
and folding was recognized on the migrated seismic section with attributes applied, which
was not possible with conventional amplitude-based interpretation (Fig. 9). The prominent
first-order Moshaweng fault (Tinker et al., 2002) has been imaged and reinterpreted using
instantaneous attribute composites. Additionally, the position and orientation of structures
(faults) that offset the near-surface strata have been enhanced with a high level of confidence.
These features vary in orientation and displacement, as seen in Fig. 9. The Symmetry-Phase
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Composite, in particular, has enhanced weak reflections arising from lithological boundaries
having minor differences in velocity and density within the Kalahari Group sediments. This is
mainly owing to the attribute's insensitivity to the reflection strength of the data (Westgate,
2020). Our results demonstrate that instantaneous attribute composites, with special colour
coding, can improve the detection of weak reflections and provide reliable structural
interpretations.

6.3. Structural geology

The previous interpretation of the KBFO3A and other profiles by Tinker et al. (2002) was
focussed primarily on Archaean and Proterozoic tectonic features, with the Moshaweng fault
interpreted as one of several crustal-scale Neoarchaean listric normal faults in the Kaapvaal
craton. They suggested that the Moshaweng fault was reactivated in a normal sense (NW side
downthrown) both before and after Kalahari Group deposition but, apart from suggesting that
these events may have been related to two pulses of epeirogenic uplift, respectively following
the deposition of the Dwyka and Kalahari groups, they provided no further details.

Our structural interpretation is limited by the 2D nature of the profile, the absence of any
surface exposures of the Dwyka Group and the general lack of quality surface outcrop of the
Kalahari Group. However, complementary potential-field geophysical data establish the N£-
SW (040°) orientation of the Moshaweng fault and suggest a broadly N-S trend for the faults
inferred at CDP 5100-5160 (Fig. 5). Further information is also offered by lineament analysis
of the Kalahari Group along the profile using Google Earth. The satellite imagery reveals a
few features in the Kalahari Group with broadly ENE to ESE trends that may provide clues to
the orientations of the smaller-scale features mentioned above. We propose here a
chronological sequence of tectonic events accounting for the structural features observed in
the reprocessed data, with an accompanying illustration shown in Fig. 11.
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Fig. 11. Schematic proposed tectonic model for the KBFO3A seismic profile. Proposed stress events as
described in the text are labelled D1 to D4; also shown are features related to the Morokweng impact (b).

6.4. Pre-Kalahari Group structures

As first noted by Du Toit (1933), much of the basement topography of the interior parts of
South Africa was largely sculpted by the ~320 to ~290 Ma Dwyka ice sheets, with £100 m
topography north of the KBFO3A traverse in Botswana and deep valleys eroded into the
Cargonian Highlands to the south of it that are not linked to any obvious basement faults
(Visser, 1982; Key and Ayres, 2000). Elsewhere in the Kaapvaal craton, the localised
thickening of the Dwyka Group near major, N-S trending Archaean faults is suggestive of
their syndepositional extensional reactivation (Visser and Kingsley, 1982). Nevertheless, the
lower Karoo Supergroup formations in South Africa display a general absence of significant
thickness variations (Visser, 1987; Isbell et al., 2008). Accordingly, Key and Ayres (2000)
concluded that syn-sedimentary faulting was largely absent in the main Karoo and South
Kalahari basins during Dwyka and Ecca deposition. Consequently, given the evidence in the
KBFO3A profile, we interpret the thinning and termination of the Dwyka Group suboutcrop
against the Moshaweng fault as the product of postdepositional tectonics. Estimates of the
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amount of post-Dwyka, pre-Kalahari downthrow along the Moshaweng fault depend on
whether Dwyka sediments were originally present east of the fault. This has been suggested
by Beukes et al. (2019) and may be indicated in the profile by the inclined reflector between
the fault and CDP 4000. If the latter does represent the Dwyka unconformity, a minimum
estimate of ~100 m is indicated, but if it does not indicate footwall Dwyka Group sediments
then throw could have exceeded 200 m. The tomography results inferred from the reflection
profile support a sharp drop (~250 m) in the elevation of the pre-Karoo basement west of the
Moshaweng fault (Fig. 6).

The second question pertaining to the Moshaweng fault refers to the age of its main
reactivation. One solution may be provided by the other, ENE- to E-trending faults that affect
the Karoo Supergroup rocks in the South Kalahari Basin (Key and Ayres, 2000). The largest
of these is the Zoetfontein fault, which coincides with the northern margin of the Kaapvaal
craton. It shows downthrow to the NNW that is proposed to be of late Permian age based on
regional tectono-stratigraphic and sedimentological considerations (Rust, 1975; Key and
Ayres, 2000; Beukes et al., 2019). Whilst a late Permian timing for the NW-side downthrow
on the Moshaweng fault and subsequent pre-Kalahari Group erosion can account for the
current distribution of the Dwyka Group suboutcrop and the thinning in the immediate
hanging wall of the fault, broadly E-W extensional stresses during the Cretaceous related to
the opening of the South Atlantic and subsequent continental margin uplift may also have
favoured reactivation of the fault in a normal sense before Kalahari Group deposition (Fig.
11).

6.5. Early Kalahari Group extensional structures

Downthrow of the Kalahari Group in the hanging wall of the Moshaweng fault and its
associated normal drag folding in both the footwall and hanging wall (Fig. 5) indicate at least
one episode of extensional tectonics following development of the Kalahari unconformity
and deposition of at least a substantial part of the Kalahari Group. Given the level of
disruption caused by the intense faulting in the immediate hanging wall of the Moshaweng
fault, it is not possible to determine if the increased thickness of the Kalahari Group between
CDP 4180 and CDP 4300 (Fig. 5) reflects original bed thickness variations or subsequent
tectonic thickening by folding and/or thrusting. In the first scenario, the localised thickening
(by up to 120 m) of the Kalahari Group could be explained by a localised half-graben trough
of Wessels Formation conglomerates. While Wessels Formation is absent in the Mamatwan
mine ~60 km south of the profile, where Matmon et al. (2015) obtained Pleistocene ages for
the Boudin and Eden formations directly overlying the unconformity, the distribution of the
Wessels Formation is known to be more highly localised (Haddon and McCarthy, 2005;
Gabrielli, 2007). Haddon and McCarthy (2005) noted that the Wessels Formation exhibits
sharp facies changes and a gravel-dominated character, and that its clasts are locally derived,
poorly sorted and angular; consequently, they interpreted it as the product of stream-
reworked debris flow deposits accumulated against active fault scarps. They attributed to it a
late Cretaceous age. Based on the above, the Moshaweng fault appears to have experienced at
least one further significant post-Dwyka Group extensional episode before the end of the
Cretaceous.

6.6. Mid to Late Kalahari Group compressional structures

Evidence of compressional tectonics, in the form of large-scale folds and thrust faults, is
ubiquitous across the KBFO3 A profile, although preferential localisation occurs above and in
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the vicinity of pre-existing basement structures, such as the Moshaweng fault and the
suspected rim faults related to the Morokweng impact structure (centred on CDPs 2000 and
900; Fig. 5). Our structural interpretation of the Moshaweng fault zone suggests that this
event post-dated the main episodes of post-Dwyka extensional faulting. The orientations of
the folds and faults cannot be explicitly determined from the 2D profile, but the apparent
structural control of the nearby Moshaweng River by WNW-ESE-trending lineaments
between CDP 800-900, where some of the largest and most intense fold and fault structures
are located close to surface, could suggest a broadly E-W strike. A similar E-W-trend for
folds with wavelengths of hundreds of metres and associated thrusts is observed in the mid to
upper Kalahari Group sediments (Boudin and Eden Formations) at the Kudumane/Hotazel
Mine 66 km south of the profile (A. Gregory, personal comm., 2019), where Matmon et al.
(2015) obtained cosmogenic burial ages of ~1.1 Ma for the mid- to upper parts of the
Kalahari Group stratigraphy near Mamatwan Mine south of Hotazel. In summary, we argue
that the fold-and-thrust features in the KBFO3A profile not only bear a strong resemblance to
the structures in the Kudumane Mine but that they both require a regional, broadly NNE-
SSW to NNW-SSE horizontal 61 tensor. A NNE-SSW orientation for 61 would favour strike-
slip to transtensional motion along the NE-SW-trending Moshaweng fault; however, at the
scale of resolution of the potential field geophysics there does not appear to have been
substantial strike-slip displacement of the Cretaceous age Machavie Dyke (Fig. 2). An
orientation of o1 closer to NNW-SSE than NNE-SSW, with o2 oriented ENE-WSW, would
favour largely reverse dip-slip motion on a NE-striking fault. It is not clear that such motion
occurred on the main Moshaweng fault; however, reverse movement on faults in the
immediate hanging wall explains the prominent fold structure in the Kalahari Group at CDP
4300 (Fig. 5, Fig. 9).

6.7. Tectonic model

The reprocessing of the legacy seismic profile KBFO3A shows that Dwyka and Kalahari
groups contain direct structural evidence of at least two tectonic events, with a further event
constrained by regional evidence, as well as the contemporary stress field: (1) Post-Dwyka,
pre-Kalahari normal faulting along the Moshaweng fault and the faults at CDPs 4300—4700
and 5100-5160 (D1, 2) Folding and reverse/thrust faulting distributed throughout the profile,
and including inversion of at least some parts of the Moshaweng fault zone (D3). From
regional evidence a further extensional event (D2) may also have occurred along the
Moshaweng fault associated with the proposed onset of Kalahari Group deposition in the
Late Cretaceous. Finally, a D4 event is included to illustrate the state of the modern stress
field. These events are illustrated in Fig. 11 and a proposed timeline of these events is
discussed below, with an illustration of the latter events shown in Fig. 12:

Ok go graben

Post-African II uplift and erosion

D4 o Y D3
P

Deposition of Boudin, Eden formations of
Kalahari Group in water body at Mamatwan
mine, Hotazel

e B —— R 100000

1] 0.5 1.0 1.5 2.0
Age (Ma)

Fig. 12. Timeline of stress events D3 to D6 alongside other major tectonic events. Age of Mamatwan Mine
samples of the earliest Kalahari Group deposits are after Matmon et al. (2015).

27



6.7.1. DI Event

Based on regional plate-scale stress reconstructions, alternative timings for post-Dwyka, pre-
Kalahari Group reactivation of the ancestral Moshaweng fault include: (a) Late Permian N-S
to NW-SE extensional tectonics affecting the South Kalahari Basin (Rust, 1975; Key and
Ayres, 2000); (b) Early Cretaceous (135—115 Ma) rifting of Africa and South America,
during which N-S Sumax/c2 and E-W Sumin/o3 extensively reactivated NNE-trending Pan
African structures to the west of the study area (Viola et al., 2012); and (c) Mid Cretaceous
(115-90 Ma) continental margin uplift that is also observed in off-craton areas to the west of
the profile (Viola et al., 2012; Kounov et al., 2009). The faults defining the horst block at
CDP 5100-5160 (Fig. 5) would be ideally oriented for dip slip displacements under an E-W
Stmin, N-S Sumax regime, as illustrated in Fig. 11c. However, the oblique strike of the
Moshaweng fault relative to E-W or N-S principal stress directions would have likely
generated more complex oblique displacements across the fault. Given the uncertainty around
the precise age of the Kalahari Group unconformity and Wessels Formation, it is equally
possible that stress conditions related to (c), and possibly even the latter stages of (b), may
have been continuous with D2.

6.7.2. D2 event

As previously discussed, no direct evidence of Wessels Formation against the Moshaweng
fault has yet been documented; however, it is postulated based on the evidence of localised
thickening of the Kalahari Group in the hanging wall of the fault seen in the reprocessed
profile (Fig. 5) and regional isopach data (Haddon, 2004; Fig. 3). Reactivation of the fault
may correspond to the £80—-65 Ma Campanian - Maastrichtian rifting/extensional event (Fig.
11d) identified further to the east in the Kaapvaal craton where deep NE-SW-trending
lithospheric faults facilitated emplacement of the Group I kimberlites, and in NE Africa
(Guiraud and Bosworth, 1997; Jelsma et al., 2004; Viola et al., 2012; Tappe et al., 2018).
This stress field has been attributed by Jelsma et al. (2009) to changes in motion and/or
velocity of the African plate.

6.7.3. D3 Event

The folds and/or thrust faults affecting the beds of the Kalahari Group in the KBF03A profile
are not unique to the vicinity of the seismic line. Similar features are observed in the open
cast pits of the Kudumane/Hotazel Mine and at several other, widely spaced, localities
elsewhere in the western, central and southern parts of the Kaapvaal craton. These include:
(1) the open cast pits of the Rockwell Mine near Douglas, ~300 km south of the KBFO3A
profile, where calcretized Orange River gravels of Miocene-Pliocene age have been folded
and thrusted southwards together with their Dwyka Group footwall (Northcote, 2014; T.
Marshall, 2017, person. Commun.); (2) SSE-directed thrust faults in calcrete at a quarry near
Bultfontein, ~400 km SE of the profile (Andreoli et al., 1996; Tabola et al., 2013; D. Delvaux
De Fenffe, unpublished data); and (3) SSE-verging thrust faults in the open cast Sonop Pit of
the Lonmin Mine near Brits, ~400 km ENE of the profile (Steenkamp et al., 2018) (Fig. 12).

The cause of this Pleistocene-age, NNW—SSE to N-S, Stmax/61 with SHmin/c2 oriented ENE-
WSW to E-W (Fig. 11f) remains elusive. Numerical models built to model the post-Jurassic
to contemporary orientation and character of the stress field in the crust/lithosphere of the

African plate in general, and southern Africa in particular, only predict an extensional regime
(Coblentz and Sandiford, 1994; Hartnady, 2002; Behn et al., 2004; Bird et al., 2006; Stamps
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et al., 2010; Gaina et al., 2013; Tutu et al., 2018; Wang et al., 2020). Although the available
evidence indicates that compressional SSE- to S-vergent fault-fold structures developed very
recently over a wide area in the Kaapvaal craton, the limited and widely spaced nature of the
sites, as well as the strong likelihood that their locations, and possibly also their orientations,
are controlled by underlying basement structures (e.g. Viola et al., 2012), warrants caution
before interpreting these features in terms of a single craton-wide event.

6.7.4. D4 stress regime

For completeness, it is necessary to summarize the main characteristics of the contemporary
neotectonic conditions in the profile area within their southern African context, as extensively
reported in the literature (Coblentz and Sandiford, 1994; Andreoli et al., 1996; Bird et al.,
2006; Stamps et al., 2010; Tutu et al., 2018; Wang et al., 2020). Among such works, Bird et
al. (2006) applied thin shell finite element modelling techniques and produced a set of maps
of the patterns of stress and strain of the African crust below latitude 10° S. The model that
best fits the available tectonic and geodetic data (focal seismic solutions, borehole breakouts,
and rock mechanics indicators) shows that the subcontinent is currently largely in a state of
horizontal extension (prone to normal faulting) because its high topographic elevation leads
to density moments exceeding those of the spreading ridges flanking the plate. These results
are mirrored in recent geodynamic studies of southern Africa from global and plate scale
perspectives (Stamps et al., 2010; Tutu et al., 2018; Wang et al., 2020), and thus suggest that
the D3 features are not representative of the contemporary regional stress regime (Fig. 11,
Fig. 12).

7. Conclusions

Reprocessing the 150 km long legacy seismic profile KBFO3A (6 s TWT) has yielded an
improved image of the supracrustal Phanerozoic sediment packages found in the vicinity of
the western margin of the Kaapvaal craton. In particular, with the incorporation of complex
seismic attributes and first-break traveltime tomography, the better imaged 320-290 Ma
Dwyka Group and < 90 Ma Late Cretaceous to Cenozoic Kalahari Group sediments reveal
polyphasic reactivation of basement structures, under both extensional and compressional
stress regimes. Repeated extensional reactivation of a major Neoarchaean-Proterozoic fault
(Moshaweng fault) may have occurred in both Permian and Cretaceous times and was
followed in Pleistocene times by renewed extension, and later by inversion related to
distributed fold-thrust-style deformation. Our analysis provides a new perspective for
investigating the Late Mesozoic to Cenozoic tectonics of southern Africa.
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